The expression level of IP$R-2 is about a quarter that of IP,R-1, Expression of the diverse subtypes of inositol 1,4,&trisphosphate whereas IP,R-3 is expressed at a very low level. Sodium depletion, a (InsPa) receptor (IP3R) was examined in rat adrenal glomerulosa cells.
containing and lacking segment Sl are present in comparable amounts. [2354] [2355] [2356] [2357] [2358] [2359] 1994) I NOSITOL 1,4,5-trisphosphate (InsP3) is the second messenger responsible for intracellular Ca*+ release in cells stimulated with calcium-mobilizing hormones, neurotransmitters, and growth factors. Although InsPs-binding sites were first described in rat liver and guinea pig peritoneal polymorphonuclears (l), the recognition that these receptors are especially abundant in cerebellar Purkinje cells (2, 3) led to a tremendous progress in their characterization. The receptor protein has been purified, and its cDNA has been cloned and sequenced (2) (3) (4) (5) (6) . The expressed protein was demonstrated to function as a Ca2+ channel (7). The first type of InsP3 receptor (IP3R) described (IP3R-1) (2, 6) , usually termed a neural type, has a relative molecular mass of 260 kilodaltons (kDa; -330 kDa with glycosyl side-chains). The receptor protein contains three major regions, an amino-terminal hydrophilic ligand-binding domain, a carboxy-terminal hydrophobic domain, and an intervening hydrophilic coupling domain. The carboxy-terminal domain contains eight membrane-spanning segments, which constitute the Ca*+ release channel. This domain shares a remarkable homology with the hydrophobic domain of the ryanodine-binding Ca*+ release channel in the sarcoplasmic reticulum (2) . The coupling domain appears to be the site that controls receptor function. Here are consensus sites for phosphorylation by different protein kinases as well as binding sites for adenine nucleotides (2, 6, 8) .
Recent studies revealed that there is a family of IP3R proteins, encoded by at least four different genes and further diversified by alternative splicing. The first described neural type has two segments, Sl (6) and S2 (9, lo), variably present in different tissues. Sl is part of the InsP3-binding domain. The proportion of mRNA molecules containing or missing the Sl segment is specific for the different regions of the central nervous system as well as for peripheric tissues. Total adrenal gland (i.e. cortex and medulla) contains both variants (11). The functional significance of Sl is not yet known. The S2 segment may be partly or completely deleted; its absence results in the formation of a third consensus adenine nucleotide-binding site (11). Considering that a micromolar concentration of ATP enhances the InsP3 binding affinity of the receptor (12), the number of ATP-binding sites may significantly affect the Ca'+-releasing effect of InsP3. Peripheral tissues, including the adrenal gland, do not express the S2 segment (10, 11).
Receptor type 2 (IP3R-2), sequenced from a rat brain cDNA library displays a 69% amino acid homology with type 1 (13). IP3R-2 displays similar specificity, but higher ligand binding affinity, compared to IP3R-1. The least homologous domain is the coupling domain, suggesting that ligand binding and/or Ca2+ release by the two subtypes are controlled in a different manner.
The complete sequence of a third subtype of InsP3 receptors was described (14) when this manuscript was in preparation. It has 62% and 64% amino acid identities with IP3R-1 and IP3R-2, respectively. It is expressed at variable levels, predominantly in nonneural tissues. No data have been reported on its expression in adrenal cortex. A partial sequence for a fourth IP3R (IP3R-4) has also been published (13, 15) .
Apart from the different ligand binding affinities of receptor subtypes 1 and 2, no further information is available on the functional consequences of the structural diversity between the different receptor subtypes. It may, however, be presumed that the repertoire of IP,R subtypes significantly influences the formation of the calcium signal in cells stim-mated with calcium-mobilizing ligand.
The adrenal glomerulosa cell is a target of several Ca2+-mobilizing ligands, including angiotensin-II (AII) (16), a physiological regulator of aldosterone secretion, sodium balance, and vascular tone. Characterization of its IP3R repertoire may promote elucidation of the fine control of Ca*+ release in this cell type. The sensitivity of these cells to AI1 depends on sodium intake (17-19). Although sodium depletion brings about increased density of AI1 receptors (20), enhanced expression of IP3R or one of their subtypes remained an additional possibility for sensitizing glomerulosa cells to AII. Therefore, in the present work we characterized the expression of IP3R in control and sodium-depleted rats. Extraction of RNA and preparation of cDNA For sequencing purposes, l-day primary cultures of isolated rat glomerulosa cells (21) were used. When the effect of sodium intake on receptor expression was studied, adrenal capsular tissue (containing the fibrous capsule and the zona glomerulosa) deriving from two rats per sample was used for competitive I'CR or restriction enzyme mapping. Total RNA was extracted by the guanidine thiocyanate method (22) . cDNA was synthesized from 0.5-l pg total RNA with Moloney murine leukemia virus reverse transcriptase using random hexamer, as recommended by the supplier (Perkin-Elmer/Cetus).
Materials and Methods
Polymerase chain reaction (PCR) was performed with Taq polymerase, as recommended by Perkin-Elmer/Cetus.
Oligonucleotides were designed to amplify a variable segment of the ligand-binding region of the fist strand cDNA of IP,R mRNA. The conservative upstream primer A (GAGGATCCTG TCAATGCTGG GCAGCC), which contains a restriction site for BnmHI added to the 5'-end, hybridizes with bases 885-904 of IPaR-mRNA. Primer A also hybridizes with IP3R-2 (bases 802-821) and IPaR-(bases 693-712) with one (807) and two (701 and 704) mismatches, respectively. The conservative downstream primer B (TTGGTACCCA GGTGTTGGTA CACAGGT), which contains an additional restriction site for KpnI at the 5'-end, is complementary to bases 1503-1525 (mismatching with base 1514) of IPaR-1, to bases 1417-1440 (mismatching with base 1430) of IPaR-and to bases 1305-1325 (mismatching with base 1310) of IPaR-3. The products amplified with primers A and B contained region Sl in IPaR-1, a region possibly deleted by alternative splicing. Primer C (TCTGACCTGT GATGACTATG AG) was an upstream primer specifically hybridizing with bases 996-1017 of IPaR-2. Finally, oligomer D (GTGTCTGAGC CGGACATAGG AG) was a downstream primer complementary to the sequence 1484-1505 of IPaR-only.
Amplification was performed in a thermocycler (PDR-91, BLSA Ltd., Budapest, Hungary) with 35 cycles, using a cycle consisting of a 30-set denaturation at 94 C and 60-set annealing at 60 C (with the exception where indicated). Polymerization at 72 C lasted for 90 set in the first cycle and was extended by 3 set in each cycle. The amplification was exponential for 31 cycles.
Cloning and sequencing of the PCR product
The PCR product was purified on 1.5% agarose gel (wide rangestandard, 3:lj, the approximately 650-basepai; (bp) band' was blotred on Schleicher and Schuell NA45 DEAE membrane (Keene. NH) and then eluted. In sequencing studies the eluted product was ligated into pBluescript KS(-) phagemid using the KpnI and BamHI restriction sites. Single-stranded copies of the cloned receptor fragment were sequenced by means of the dideoxynucleotide chain termination method (23) .
Competitive PCR
A deletion mutated receptor segment used as internal standard was prepared as follows. pBluescript KS(-) containing the KpnI-BamHI segment of IPaR-was cut with Em81 and ligated with T4 DNA ligase. The insert in the resulting plasmid [pSKS(-)] jacked the region between the two Em781 sites (1120-1405). After the reverse transcription reaction of 0.5 rg RNA/sample, a known amount (0.32-9.6 ng) of pBKS(-) and 7 kBa ld-32PldCTP were added. To ensure amulification of II'qR-I alone. primers A'and D were used. The radioactivity measured was corrected for the ratio of the length of the two species. The amount of IPaRmRNA in the sample was identical to that of the added p6KS(-) when the ratio of the deleted and full-length products was 1.
In preliminary experiments, the ratio was linearly related to the amount of total RNA used (see Fig. 4 ), providing evidence for the accuracy of the method.
Restriction enzyme mapping
The purified PCR product was used for mapping without further processing. For these exueriments, 32 kBa la-32PldCTP was added to each sam:le in the PCR: Enzyme.reaction\'were 'performed according to standard techniques (Maniatis). The reaction products were separated on 1.5% agarose gel.
Experimental animals
Male Wistar rats, weighing about 250 g, were used. The rats used for preparation of glomerulosa cell culture were kept on a standard semisynthetic diet (100 mmol Na+ and 120 mmol K+/kg). Rats used for competitive PCR and restriction enzyme mapping were kept on a diet of wheat (2 mmol Na+ and 65 mmol K+/kg) and distilled water (sodiumdepleted group) or wheat and physiological saline (control group) for 1 week. The experiments were conducted in accord with the principles and procedures of the Guidelines for the Care and Use of Experimental Animals.
The plasma renin activity (IRA) of samples stored at -80 C was estimated as previously described (24) .
Results
Expression of IP,R subtypes, as studied by DNA sequencing After reverse transcription of mRNA extracted from rat adrenal glomerulosa cells, conservative primers A and B were used for PCR to amplify a variable region of the binding domain in IP3R-1 and IP,R-2. [It was reported later that this region is also expressed in .] The PCR product was ligated into pKS(-) phagemid and cloned. The inserts in two clones were completely sequenced, and partial sequencing was performed on a third clone. The completely sequenced inserts were identical with nucleotide region 885-1525 of IP,R-1; however, one of them (EPg5) contained and the other one (EPg14) lacked a 45-base region (1281-1325) that corresponds to segment Sl. The expression of these two alternatively spliced variants of IPSR-1 was also indicated by electrophoretic separation of the two bands between the Endo. 1994 Voll34. No 6 markers of 517 and 676 bp (Fig. 1 ) that were differently cleaved by various restriction enzymes (see below). A shorter region sequenced in the third clone (EPg4) was identical to nucleotide region 1122-1525 of IP3R-1 and also lacked Sl.
For identifying IP,R-2, primers C and B were used for PCR. Primer C hybridizes with IPJR-2 only; therefore, the 449bp PCR product separated by electrophoresis after PCR that corresponds to bases 996-1444 could only derive from IPaR- (Fig. 2) . This product was cut by PstI, the enzyme specific for IP3R-2.
Expression of IP& subtypes, as studied by restriction enzyme mapping The relative expression of the different receptor subtypes was further examined by restriction enzyme mapping. For this purpose, the conservative primers A and B were used. The relative amount of IP3R-1 message was estimated by digestion with Eco81 and PstI. As Ecodl cleaves IP,R-1, but neither IP,R-2 nor IPJR-3, the latter subtypes will be char- The PCR product was run on agarose gel. The ethydium bromide fluorogram is shown. As reference, a sample similarly prepared from rat cerebellum (C) is also shown. acterized by the appearance of an approximately 650-bp band. The band of 286 bp will derive from IP3R-1 Sl(+) (the spliced variant containing segment Sl), whereas the band of 241 bp will contain the fragments of Sl(+) and Sl(-) (the fragment lacking Sl) as well. A reciprocal approach was chosen when PstI was applied for digestion. This enzyme cleaves IP3R-2 and IP3R-3; therefore, the band of 650 bp corresponds to IP3R-1. The fragments of 399 and 176 bp are both products of IP3R-2. A typical autoradiogram obtained after enzyme mapping is shown in Fig. 1 . Eco81 digested 80 f 6%, and PstI left intact 78 + 3% of the sum of IP3R-1 and IPJR-2 (mean + SEM; n = 3). This indicates that both enzymes recognized nearly 4 times more IP3R-1 than IPJR-2.
The relative expression of segment Sl within IP3R-1 was examined by digestion with AccI, which cuts IPBR-1 Sl(+) only (Fig. 1) . After correction for fragment length and the assumed contribution of IP3R-2 (see above) to the radioactivity of the nonhydrolyzed product (600-650 bp), the 404-and 248-nucleotide hydrolytic products both contained 47 f 2% of the radioactivity. This shows that nearly half of the IP3R-1 content of glomerulosa cells is the Sl(+) variant, and somewhat more than half is the Sl(-) form. These results are comparable to those obtained for murine adrenal gland (containing all three zones of the adrenal cortex plus the medulla) (11).
The complete sequence of IPJR-3 was described (14) after we have already characterized the expression of IP3R-1 and IP3R-2 in glomerulosa cells. Although the conservative primers A and B seemed appropriate for the amplification of this subtype of IP3R, Eco81 and PstI were not suitable for the detection of IP3R-3. Digestion with HindIII, which splits IP3R-3, resulted in the appearance of faint bands at the expected 420 and 216 bp migration distances on the gel (Fig.  3) . Radioactivity measurements on these bands indicated that the message of IP3R-3 amounted to only 2% that of total IP3R activity. Therefore, in subsequent experiments we performed PCR under reduced stringency conditions. The product obtained at an annealing temperature of 50 C, rather than 60 C, was subjected to digestion with Hind111 again. Under such amplification conditions, 4.7 + 1.3% of the total IP3R was expressed as IPJR-3 (n = 3; Fig. 3) .
No PCR product corresponding to any of the IP3R subtypes was obtained when contaminating genomic DNA was used as template. FIG. 3 . Detection of IPaR-by means of digestion with Hi&HI. RNA from adrenal capsular tissue of control rats was reverse transcribed, and the obtained cDNA was amplified by means of PCR using the conservative primers A and B (see Materials and Methods) . The annealation temperature was 50 C. The product was subjected to digestion with HindI and then run on an agarose gel. The autoradiogram is shown.
Effect of sodium restriction on the expression pattern of IP$ Rats were sodium depleted for 1 week before death. Sodium deficiency is indicated by the increase in PRA from 24.5 + 6.8 to 58.5 rt 8.4 ng AI/ml. h (mean + SE; n = 6 for both groups; P < 0.02).
First, expression of the predominant subtype of IP3R, IP3R-1, was examined by competitive PCR. In these studies the downstream primer B was replaced with primer D to ensure the specific amplification of IP3R-1. As an internal standard, a deletion mutant of IPBR-1 cDNA was applied. In control rats, using 0.5 pg adrenal capsular RNA, the amount of IP3R-1 mRNA was equivalent to 6.36 + 1.09 ng pGKS(-) (n = 3). In sodium-depleted rats, the amount of IPaR-mRNA attained a comparable value [equivalent with 7.85 + 1.30 ng p&KS(-)], indicating that the expression of IP3R-1 was not altered by 1 week of sodium deprivation (Fig. 4) .
Finally, we examined whether sodium depletion altered the expression of IP3R-2 or the extent of alternative splicing of IP3R-1. For this purpose, restriction enzyme mapping was used again, as described above. Sodium depletion failed to modify the ratio of IP3R-1 to IP,R-2; 78 f 5% and 81 + 4% of the IPJR (without IP3R-3) were revealed as IP3R-1 by digestion with Eco81 and PstI, respectively (n = 3). The percentage of the Sl-containing variant within all IP3R-1 (41 f: 2%; n = 3) was also comparable with the value measured in control rats (see above; determine the kinetics of the Ca2+ response. Interaction between plasmalemmal dihydropyridine receptors and IP3R in subplasmalemmal calcium-storing vesicles may also modify the generation of calcium signal (25a) . In view of the diversity of IP3R, it can be presumed that different receptors subtypes, displaying special characteristics, are present in different subcellular membranes. If this is so, the description of the receptor repertoire together with functional characterization of the different receptor subtypes will significantly contribute to understanding of the signal-transducing mechanism of any specific cell type. Aldosterone secretion by glomerulosa cells is stimulated by calcium-mobilizing agents, such as AII, vasopressin, acetylcholine, and endothelin. Although glomerulosa cells have been extensively used for studies on signal transduction, no study has yet been published on the expression of IP3R in these cells. We designed PCR, sequencing, and restriction enzyme mapping strategies to examine the expression of IP3R-1 and IP3R-2 in rat glomerulosa cells. Sequencing as well as restriction enzyme mapping results show the expression of IP3R-1, including its two alternatively spliced variants, Sl(+) and Sl(-). The expression of these two variants was previously described for whole adrenal gland (1 l), which, however, contains two more cortical zones (zonae fasciculata and reticularis) and postganglionic neural tissue, the medulla. In addition to type 1, we disclosed the expression of receptor subtype 2 for the first time in adrenal cortex. Under our experimental conditions, the level of its expression was 4 times lower than that of IP3R-1. After these studies were completed, the complete sequence of receptor subtype 3 was published (14), and we had to reevaluate all of the data hitherto obtained. Considering that the conservative primers A and B were highly homologous to IP3R-3, our PCR prod-ucts may well have contained those deriving from this recently described receptor subtype. As we could not detect its expression, we performed additional PCR experiments using the same conservative primers but at a lower annealing temperature. Under such conditions, the expression of IP3R-3 could be definitely detected, however, at a relatively low rate. mRNA of receptor subtype 3 constituted only about 5% of all IP3R mRNAs. This low level of expression also implies that in the enzyme-mapping studies on subtypes 1 and 2, contamination of any radioactive product by IP3R-3 may certainly be neglected. At this moment it cannot be excluded that IP3R-3 was expressed by some contaminating cell type (fasciculata, endothelial, vascular smooth muscle, or mast cell or fibroblast) potentially present in adrenal capsular tissue. Although we have no evidence that the three different cDNAs were amplified with identical efficiency, considering the data obtained at 60 C annealation temperature, it is reasonable to regard IP3R-1 as the quantitatively predominant subtype of IP3R in rat glomerulosa cells. Yet, the functional significance of the different subtypes may also depend on their characteristics and intracellular location. Thus, at this stage it is premature to assign specific biological significance to the three hitherto recognized receptor subtypes.
Sodium depletion is one of the most important physiological stimuli of aldosterone secretion. In our previous studies on conscious rats, a less severe restriction of dietary sodium for 1 week resulted in a 2-fold increase in PRA, a moderate but statistically significant elevation of the plasma K+ concentration, and a mean 12-fold increase in the plasma aldosterone concentration (26) . Prevention of the formation of AI1 by the administration of converting enzyme inhibitor significantly reduced aldosterone secretion (26) . Dietary sodium depletion activated the late stage of aldosterone biosynthesis, in contrast to acute sodium depletion, which activated the early stage of biosynthesis only (27). An increased level of mRNA encoding the aldosterone-synthesizing cytochrome P4501i0 has been demonstrated in rats kept on a low sodium or high potassium diet (28). Enhanced sensitivity of glomerulosa cells to AI1 in sodium-depleted humans and animals may be accounted for by increased density of AI1 receptors (19), which, in turn, is probably due to AII-induced expression of the receptor mRNA (29). In the present study we examined whether chronic stimulation of glomerulosa cells increased the expression of IP3R also. In this respect it should be recalled that apart from ontogenetic studies (10, 11) and experiments performed on tumorous cell lines (30-32), no study has yet been reported on the regulation of expression of IP3R in vivo. Our studies showed no quantitative or qualitative changes in IP3R expression. In view of these findings, it is reasonable to assume that changes in the turnover of AI1 receptors as well as the versatile control of InsP3 formation and action may account for the control of sensitivity to AI1 in glomerulosa cells. 
